Heterostructured Bismuth Vanadate/Cobalt Phosphate Photoelectrodes Promote TEMPO‐Mediated Oxidation of 5‐Hydroxymethylfurfural by Chadderdon, David J. et al.
Ames Laboratory Accepted Manuscripts Ames Laboratory
7-1-2019
Heterostructured Bismuth Vanadate/Cobalt
Phosphate Photoelectrodes Promote
TEMPO‐Mediated Oxidation of
5‐Hydroxymethylfurfural
David J. Chadderdon
Iowa State University
Lin-Pin Wu
Iowa State University
Zachary A. McGraw
Iowa State University
Matthew G. Panthani
Iowa State University and Ames Laboratory, panthani@iastate.edu
Wenzhen Li
Iowa State University and Ames Laboratory, wzli@iastate.edu
Follow this and additional works at: https://lib.dr.iastate.edu/ameslab_manuscripts
Part of the Chemistry Commons
This Article is brought to you for free and open access by the Ames Laboratory at Iowa State University Digital Repository. It has been accepted for
inclusion in Ames Laboratory Accepted Manuscripts by an authorized administrator of Iowa State University Digital Repository. For more information,
please contact digirep@iastate.edu.
Recommended Citation
Chadderdon, David J.; Wu, Lin-Pin; McGraw, Zachary A.; Panthani, Matthew G.; and Li, Wenzhen, "Heterostructured Bismuth
Vanadate/Cobalt Phosphate Photoelectrodes Promote TEMPO‐Mediated Oxidation of 5‐Hydroxymethylfurfural" (2019). Ames
Laboratory Accepted Manuscripts. 498.
https://lib.dr.iastate.edu/ameslab_manuscripts/498
Heterostructured Bismuth Vanadate/Cobalt Phosphate Photoelectrodes
Promote TEMPO‐Mediated Oxidation of 5‐Hydroxymethylfurfural
Abstract
Motivated by replacing the kinetically unfavorable oxygen evolution reaction (OER) and producing
value‐added products in photoelectrochemical cells (PECs), we report that bismuth vanadate (BiVO4)
photoelectrodes modified with a cobalt phosphate (CoPi) overlayer facilitate
2,2,6,6‐tetramethylpiperidine‐1‐oxyl (TEMPO)‐mediated selective oxidation of 5‐hydroxymethylfurfural
(HMF). CoPi layers with sufficient thickness were found to reduce the potential required for TEMPO
oxidation by 0.5 V, as well as increase charge injection efficiency sevenfold compared to BiVO4 without CoPi.
Furthermore, the undesired OER was completely suppressed when using the heterostructured photoanodes.
Transient photocurrent measurements suggested that CoPi alleviates recombination losses resulting from the
back reduction of oxidized TEMPO. The PECs with BiVO4/CoPi bilayer achieved 88 % yield to
2,5‐furandicarboxylic acid (FDCA) from HMF oxidation under mild conditions, whereas <1 >% FDCA was
generated with BiVO4. These findings suggest that suppression of the back reduction process substantially
improves the efficiency of the oxidation, giving a potential route to more efficient solar fuel/chemical
production.
Keywords
alcohol oxidation, TEMPO, photoelectrocatalysis, bismuth vanadate, biomass
Disciplines
Chemistry
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/ameslab_manuscripts/498
FULL PAPER    
 
 
 
 
 
Heterostructured Bismuth Vanadate/Cobalt Phosphate 
Photoelectrodes Promote TEMPO-Mediated Oxidation of 5-
Hydroxymethylfurfural 
David J. Chaddredon,[a] Lin-Pin Wu,[a]  Zachary A. McGraw,[a]  Matthew Panthani,*[a]  and Wenzhen 
Li*[a,b]
Abstract: Motivated by replacing the kinetically unfavorable oxygen 
evolution reaction (OER) and producing value-added products in 
photoelectrochemical cells (PECs), here we report that bismuth 
vanadate (BiVO4) photoelectrodes modified with a cobalt phosphate 
(CoPi) overlayer facilitate 2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO)-mediated selective oxidation of 5-hydroxymethylfurfural 
(HMF). CoPi layers with sufficient thickness were found reduce the 
potential required for TEMPO oxidation by 0.5 V, as well as increase 
charge injection efficiency seven-fold compared to BiVO4 without 
CoPi. Furthermore, the undesired OER was completely suppressed 
when using the heterostructured photoanodes. Transient 
photocurrent measurements suggest that CoPi alleviates 
recombination losses resulting from the back reduction of oxidized 
TEMPO. The PECs with BiVO4/CoPi bilayer achieved 88% yield to 
2,5-furandicarboxylic acid (FDCA) from HMF oxidation under mild 
conditions, whereas <1% FDCA was generated with BiVO4. These 
findings suggest that suppression of the back reduction process 
substantially improves the efficiency of the oxidation, giving a potential 
route to more efficient solar fuel/chemical production.  
Introduction 
Photoelectrochemistry plays a key role in moving our society 
toward a sustainable energy future. PECs use light-absorbing 
semiconductor photoelectrodes to drive reactions with solar 
energy, often aided by external electricity input which can be 
supplied from renewable sources. In typical PECs, low-value 
molecules such as H2O or CO2 are reduced at 
metal/semiconductor cathodes to generate hydrogen gas (i.e., the 
hydrogen evolution reaction, HER) or carbon-based fuels and 
chemicals.[1] However, such PECs commonly suffer from poor 
energy conversion efficiency. This can largely be attributed to the 
slow kinetics and large overpotentials associated with the OER 
that occurs at the anode. Platinum-group metal catalysts are 
generally used to overcome the kinetic limitations; however, the 
high cost and low abundance of these materials limit their large-
scale application.[2] Furthermore, the oxygen produced at the 
anode is not valuable. Therefore, it is desirable to find a more 
favorable anode reaction that utilizes low-cost and Earth-
abundant electrode materials, and that generates value-added 
products.    
A promising approach to improve the feasibility of PECs and 
related electrochemical cells is to pair HER at the cathode with 
anodic oxidation of biomass-derived chemicals (e.g., alcohols and 
aldehydes).[3] Alcohol oxidation is thermodynamically favorable 
compared to OER,[4] therefore have the potential to reduce 
operating cell voltages and improve energy efficiency. Moreover, 
electrochemical alcohol oxidation can be tuned to selectively 
target desired chemicals,[5] enabling the generation of high-purity 
valuable products from renewable carbon sources. For example, 
5-hydroxymethylfurfural (HMF), a platform molecule derived from 
C6 carbohydrates,[6] can be selectively oxidized to 2,5-
furandicarboxylic acid (FDCA), a valuable precursor for biobased 
polymers.[7] In a breakthrough study, Cha et al. demonstrated the 
photoelectrochemical conversion of HMF to FDCA using a 
bismuth vanadate (BiVO4) photoanode and a homogeneous 
redox mediator, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl).[3a] 
This work achieved remarkable selectivity and faradaic efficiency; 
however, a considerable external bias was required to support 
separation of photogenerated charge carriers and achieve high 
photocurrent densities. Although BiVO4 has emerged as one of 
the most promising metal oxide-based photoanodes for OER,[8] it 
has been established that surface modifications, for example with 
catalysts such as cobalt phosphate (CoPi),[9] Co3O4,[10] or 
transition metal oxyhydroxides,[11] are required to mitigate charge 
recombination losses. However, such modifications have not 
been applied to BiVO4 photoanodes for enhancing redox-
mediated alcohol oxidations because it was presumed that they 
would promote OER in favour over mediator oxidation.[3a, 12]  
In this study, we challenge these previous presumptions by 
showing that BiVO4 photoanodes modified with CoPi, a well-
known OER electrocatalyst, can be tailored to enhance TEMPO-
mediated alcohol oxidation over OER (water oxidation). We 
demonstrate for heterostructured BiVO4/CoPi photoanodes that 
OER activity is sensitive to CoPi electrodeposition time: short 
times (e.g. 1 min) reduce the onset potential and increase 
photocurrent for OER, whereas longer depositions severely 
suppress OER activity. We exploit the latter phenomenon to 
oxidize TEMPO without any faradaic efficiency loss to OER. 
Furthermore, TEMPO oxidation is enhanced for BiVO4/CoPi 
photoanodes in terms of reduced onset potential and increased 
photocurrent compared to BiVO4. Transient photocurrent 
measurements provide insight into interfacial charge transfer and 
recombination processes, elucidating the likely role of CoPi. 
Finally, we use BiVO4/CoPi photoanodes to drive TEMPO-
mediated oxidation of HMF to FDCA and demonstrate the viability 
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of using heterostructured photoanodes for efficient biomass 
upgrading in PECs.  
Results and Discussion 
1. Physical characterization of BiVO4 films 
     BiVO4 films were synthesized on fluorine-doped tin oxide 
(FTO) glass substrates by electrodeposition and thermal 
processing using a previously-reported method.[11c] Scanning 
electron microscopy (SEM) revealed the BiVO4 films were 
nanoporous and about 2 μm thick (Fig. 1). Energy-dispersive 
spectroscopy (EDS) confirmed the composition of the films and 
indicated a Bi/V ratio of approximately 1:1 (Table S1). X-ray 
diffraction (XRD) patterns were consistent with a monoclinic 
BiVO4 crystal structure (Fig. S1). UV-vis diffuse absorbance 
spectra and corresponding Tauc analysis (Fig. S2) confirmed a 
bandgap of about 2.47 eV, which matches those reported in 
literature.[13] 
 
Figure 1. SEM micrographs of BiVO4 films on FTO glass including (a) top and 
(b) cross-sectional views. 
 
2. Photoelectrochemical meaurements 
Photoelectrochemical measurements were performed in sodium 
borate electrolytes (pH 9.2) under simulated solar illumination 
(AM1.5, 100 mW cm-2). Fig. 2 shows the linear sweep 
voltammogram (LSV) for BiVO4 in electrolyte containing sodium 
sulfite, which is known to be a good hole scavenger,[14] and is 
expected to extract nearly all photogenerated holes that reach the 
semiconductor/electrolyte interface. Thus, the sulfite oxidation 
photocurrent density (jsulfite) provides an estimate for the total rate 
of holes reaching the interface. For TEMPO-mediated oxidations, 
it is desirable that a photoanode facilitates TEMPO oxidation at 
low potentials but has poor activity for OER, the main competing 
oxidation reaction in aqueous electrolytes.[15] Fig. 2 shows the 
LSV collected in electrolyte without sulfite – in which case the 
photocurrent is from OER. The onset potential for OER was 
increased by about 150 mV compared to that for sulfite oxidation, 
and the photocurrent density (jOER) was remarkably lower than 
jsulfite. The net charge injection efficiency (the fraction of surface-
reaching holes that are utilized for oxidation of species in the 
electrolyte) was estimated by the ratio jOER/jsulfite to be 6.3% at 
0.64 V. This suggests that the vast majority of the surface-
reaching holes were lost to recombination processes. The 
photocurrent was even lower with TEMPO present in the 
electrolyte; most notably in the low potential region (i.e. <1.0 V). 
 
Figure 2. . LSV with AM1.5 illumination for BiVO4 photoanodes in electrolytes 
with or without 5.0 mM TEMPO or 0.2 M sodium sulfite 
 
3. Physical characterization and photoelectrochemical 
performance of BiVO4 /CoPi 
CoPi was deposited onto BiVO4 electrodes using the 
electrodeposition method described by Kanan and Nocera.[16] 
Briefly, CoPi was electrodeposited from a solution of cobalt(II) 
nitrate (0.5 mM) and potassium phosphate (0.1 M, pH 7.0) at 1.1 
V versus a Ag/AgCl reference electrode. Deposition time was 
varied between 1 and 30 min to obtain a range of CoPi loadings. 
The typical current density versus time plot for CoPi deposition is 
shown in Fig. S3. XRD patterns of BiVO4/CoPi did not change as 
compared with BiVO4 as shown in Fig. S1, while SEM analysis 
revealed that CoPi deposition had no effect on film morphology 
(Fig. S4), suggesting that the deposition was uniform over the 
electrode. The Co/P atomic ratio estimated by EDS was 
approximately 1.9:1.0, which is consistent with previous 
reports.[16] There was no appreciable change in the UV-vis-NIR 
absorption spectrum, indicating that inclusion of CoPi did not 
affect light absorption properties of the photoanode.  
Modifying BiVO4 with a relatively thin CoPi overlayer (i.e. 1 
min. deposition time) reduced the onset potential and increased 
photocurrent by about 4.8-fold at 0.64 V for OER compared to 
BiVO4 (Fig. 3a). However, longer depositions suppressed OER; 
photocurrent for BiVO4/CoPi-30 (i.e. BiVO4 with 30 min CoPi 
deposition) was reduced by 95% compared to BiVO4 at 1.04 V. 
The suppression of OER when using thicker CoPi overlayers is 
consistent with previous reports, which suggested that thicker 
CoPi overlayers on photoanodes could have low OER 
performance due to increased interfacial recombination of 
conduction band electrons with accumulated CoPi holes,[17] or 
recombination via direct shunting of CoPi to the conductive back 
contact (i.e. FTO).[18]  
Even though OER was suppressed by thicker CoPi 
overlayers, we found that photocurrent for TEMPO oxidation was 
substantially enhanced with increased CoPi deposition times 
(Fig. 3b). This suggests that TEMPO oxidation was able to 
compete with CoPi-induced charge recombination pathways. For  
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Fig. 3. LSVs with AM1.5 illumination for BiVO4 and BiVO4/CoPi photoanodes 
with varying CoPi deposition times (denoted within figures) in electrolyte (a) 
without TEMPO and (b) with 5.0 mM TEMPO. (c) Calculated faradaic efficiency 
to OER in electrolyte with 5.0 mM TEMPO. 
 
BiVO4/CoPi-30, the potential required for TEMPO oxidation was 
reduced by nearly 0.5 V (e.g. reduced 475 mV at 0.1 mA cm-2) 
relative to unmodified BiVO4. Increasing CoPi deposition time 
beyond 30 min did not lead to further enhancement.  
The faradaic efficiency for OER was determined by 
quantifying evolved O2 under steady-state conditions (Fig. 3c).  
As a control experiment, the measured and theoretical amounts 
of O2 produced were in good agreement when TEMPO was not 
present in the electrolyte, as shown in Fig. S5. OER did not 
contribute to the photocurrents at 0.64 V; therefore the major 
contribution to current at this potential can be assigned to TEMPO 
oxidation (jTEMPO). The net charge injection efficiency for TEMPO 
oxidation (jTEMPO/jsulfite) at 0.64 V was 15.4% for BiVO4/CoPi-30, a 
seven-fold increase compared to BiVO4 (2.1%). OER was 
favorable at higher potentials for unmodified BiVO4 and 
BiVO4/CoPi prepared with short CoPi deposition times; the 
faradaic efficiencies to OER at 1.24 V were 70% for BiVO4 and 
57% for BiVO4/CoPi with 1 min deposition. This was likely due to 
mass transport limitations for TEMPO oxidation at higher 
potentials. Remarkably, O2 was not detected for BiVO4/CoPi-30 
in electrolytes containing TEMPO at any potential tested. These 
findings show that the BiVO4/CoPi-30 photoanode has much 
greater selectivity towards TEMPO oxidation compared to BiVO4, 
while completely suppressing undesired OER (below detection 
limit).  
The negligible OER faradaic efficiencies observed at lower 
potentials in electrolytes with TEMPO (e.g. ~0% at 0.64 V) 
indicate that TEMPO oxidation was kinetically favored over OER. 
However, the photocurrent for BiVO4 in electrolytes with TEMPO 
was actually lower than in electrolytes without TEMPO (e.g. ~67% 
lower at 0.64 V). These seemingly inconsistent observations 
support an interesting hypothesis that photocurrents were not 
limited by slow TEMPO oxidation kinetics, but by other factors. By 
extension, it is very unlikely that the higher TEMPO oxidation 
photocurrents observed for BiVO4/CoPi-30 resulted from 
enhanced charge transfer kinetics (i.e. electrocatalysis). 
Photocurrents for BiVO4 may have been limited by solution-
mediated charge recombination via the back reduction of oxidized 
TEMPO (TEMPO+), as depicted in Fig. 4a. In principle, back 
reduction can occur by transfer of electrons from the conduction 
band or surface states of the semiconductor, or from the 
conductive substrate (e.g. FTO).[19] Cyclic voltammograms 
measured in the dark revealed that TEMPO exhibits quasi-
reversible electrochemical oxidation/reduction on unmodified 
BiVO4 and bare FTO electrodes (Fig. 4b). The midpoint potential 
was around 1.28 V, indicating that TEMPO+ is susceptible to 
electrochemical reduction over most of the potential range of 
interest for photoelectrochemical TEMPO oxidation. In the dark, 
the low concentration of holes in n-type semiconductors (such as 
BiVO4) prevents them from facilitating oxidations.[20] Accordingly, 
the dark oxidation current observed for BiVO4 electrodes can be 
attributed mainly to the underlying FTO substrate.[21] The dark 
oxidation currents for BiVO4 and bare FTO were of similar 
magnitudes, suggesting that a substantial fraction of the 
underlying FTO was accessible to the electrolyte through the 
nanoporous BiVO4 films. The exposed FTO could potentially 
facilitate electrochemical back reduction of TEMPO+ at potentials 
more negative than 1.28 V. 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) Depiction of possible solution-mediated charge recombination 
pathways. Photogenerated holes oxidize TEMPO to TEMPO+, which may be 
reduced back to TEMPO via electron transfer from the BiVO4 conduction band 
or surface states, or from the exposed FTO substrate. (b) Dark cyclic 
voltammograms (CVs) for BiVO4 or bare FTO electrodes in electrolyte with 5.0 
mM TEMPO. 
4. Transient photocurrent measurements to obtain mechanistic 
insights 
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We then used transient photocurrent measurements to test 
our hypothesis and gain more insight about charge transfer and 
recombination dynamics. Fig. 5a shows LSVs for BiVO4 under 
chopped AM1.5 illumination. In pure electrolyte (i.e. without 
TEMPO), transient current spikes were observed upon light “on” 
and “off”, which are generally assigned to the back recombination 
of electrons with accumulated holes.[22] The spikes were most 
prominent at low potentials and diminished at increasingly anodic 
potentials. Negative transient current was negligible at potentials 
greater than ~0.8 V. This behavior has been attributed to 
enhanced band bending and charge separation at strongly anodic 
potentials.[23] The positive and negative current spikes were more 
pronounced in electrolyte containing TEMPO. Notably, we 
observed large negative current spikes (not observed in pure 
electrolyte) that initiated around 0.6 V and persisted up to about 
1.2 V. Within that same potential range, the anodic photocurrents 
decayed to values lower than in pure electrolyte. We attribute this 
transient behavior to the electrochemical back reduction of 
TEMPO+, which is operable over this potential range (cf. Fig. 4b). 
 
Fig. 5. Transient photocurrent measurements with chopped AM1.5 illumination. 
(a) LSVs for BiVO4 in pure electrolyte and electrolyte with 5.0 mM TEMPO. 
(b−c) Transient photocurrents at 1.04 V vs. RHE for BiVO4 and BiVO4/CoPi-30, 
respectively. For clarity, the traces in (b) and (c) are offset with respect to time. 
Fig. 5b and 5c show transient photocurrent measurements for 
BiVO4 and BiVO4/CoPi-30 at a fixed potential of 1.04 V. BiVO4 
displayed behavior consistent with the LSVs under chopped 
illumination; quasi-steady-state photocurrents were smaller and 
negative transient currents were much larger for electrolytes with 
TEMPO compared to pure electrolytes. The negative current 
decayed very slowly (t1/2 ≈ 13 s) and did not reach steady state 
during the dark periods. As previously mentioned, we assign the 
negative current mainly to the back reduction of TEMPO+ that 
accumulates in solution during illuminated periods. In pure 
electrolyte, BiVO4/CoPi-30 exhibited high anodic current initially 
after illumination; however, the photocurrent rapidly decayed to 
nearly zero. We also observed sharp negative transients, when 
upon turning off illumination. This behavior has been attributed to 
CoPi oxidation by photogenerated holes and subsequent back 
recombination of electrons with accumulated oxidized CoPi 
species.[24] In electrolytes with TEMPO, quasi-steady-state anodic 
current was greatly increased (i.e. ~six-fold) and the negative 
transient current was diminished compared to pure electrolytes. 
Most notably, the slowly-decaying negative current assigned to 
TEMPO+ back reduction was not observed for BiVO4/CoPi-30. 
Based on this information, the enhanced TEMPO oxidation 
photocurrents for CoPi-modified BiVO4 photoanodes most likely 
arises from the CoPi layer inhibiting solution-mediated charge 
recombination.  
 
5. TEMPO-mediated oxidation of biorenewable HMF 
Finally, we used the BiVO4/CoPi photoelectrodes for 
TEMPO-mediated oxidation of biomass-derived HMF. Due to its 
high value for biomass conversion, we targeted HMF as an 
exemplary multifunctional substrate containing both alcohol and 
aldehyde functionalities (Fig. 6a). LSVs for BiVO4/CoPi-30 show 
that photocurrent increased after adding HMF to a TEMPO-
containing electrolyte (Fig. 6b), resulting from the regeneration of 
TEMPO following the reaction between the oxoammonium cation 
(i.e. TEMPO+) and HMF. No increase was observed in the 
absence of TEMPO, indicating that the non-mediated HMF 
oxidation was negligible underthese conditions. TEMPO- 
mediated photoelectrolysis of HMF was performed at 0.64 V for  
Fig. 6. (a) Reaction pathways for HMF oxidation to FDCA. (b) LSVs under 
AM1.5 illumination for BiVO4/CoPi-30 in electrolyte only, electrolyte with 5.0 mM 
TEMPO, electrolyte with 5.0 mM TEMPO and 5.0 mM HMF, and electrolyte with 
5.0 mM HMF without TEMPO. (c) HMF conversion and product yields for 
photoelectrolysis at 0.64 V vs. RHE for BiVO4/CoPi-30. 
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2.7 hours. Relatively low HMF conversion (15.2%) and yield to 
FDCA (~0.1%) were obtained using a BiVO4 photoanode (Table 
S3) at such a mild potential. In sharp contrast, BiVO4/CoPi-30 
achieved 88% yield to FDCA (Fig. 6c), which we attribute to its 
greatly enhanced TEMPO oxidation performance. We highlight 
that the role of the photoanode in this system is to oxidize TEMPO 
to TEMPO+, which then oxidizes the substrate (i.e. HMF) 
homogeneously in the electrolyte. It has been demonstrated that 
TEMPO-catalyzed oxidation has broad applicability to different 
alcohol-containing substrates.[25] Therefore, this approach is not 
uniquely suited for HMF conversion, but rather we expect it to be 
readily applicable for the TEMPO-mediated oxidation of a wide 
range of biologically-derived substrates. 
Conclusions 
In summary, we developed heterostructured 
photoelectrodes composed of nanoporous BiVO4 films modified 
with CoPi for TEMPO-mediated alcohol oxidation. CoPi 
electrodeposition time was a critical parameter for selectively 
promoting TEMPO oxidation in favour over OER. BiVO4/CoPi 
prepared by a 30 min CoPi deposition reduced the potential 
required for TEMPO oxidation by about 0.5 V and greatly 
enhanced the photocurrents for TEMPO oxidation compared to 
BiVO4. In situ O2 measurements confirmed that TEMPO 
oxidation with BiVO4/CoPi-30 proceeded without any faradaic 
efficiency loss to OER. Transient photocurrent measurements 
suggested that CoPi alleviates solution-mediated recombination 
losses resulting from the back reduction of oxidized TEMPO, 
which we identified as a major limiting factor for BiVO4 
photoanode performance. BiVO4/CoPi-30 facilitated TEMPO-
mediated oxidation of HMF, an exemplary biomass-derived 
alcohol, to FDCA with high yield at mild conditions. This work will 
promote the development of rationally-designed heterostructured 
photoanodes and the exploration of new routes to more fully 
utilize renewable electricity, renewable solar energy, and 
renewable feedstocks. 
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COMMUNICATION 
Bismuth vanadate (BiVO4) films 
modified by electrochemically-
deposited cobalt phosphate (CoPi) 
promote photoelectrochemical 
TEMPO-mediated oxidation of 5-
hydroxymethylfurfural (HMF). 
CoPi modifications reduced the 
applied bias required for TEMPO 
oxidation by 0.5 V, while 
simultaneously suppressing the 
undesired oxygen evolution 
reaction.   
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